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INTRODUCTION 
The effectiveness of boron/epoxy repairs in retarding or arresting cracks in skin grade 
aluminum have been investigated [1-3). The durability or long-term performance of bonded 
composite repairs on damaged structures is still an issue that poses a great technical 
challenge. This is mainly due to the delamination of the composite doubler and/or the 
deterioration of the interfacial strength of these repairs. Delamination of composite 
materials, in spite of current technological advancement in their processing techniques, 
represents a considerable problem. This is caused by the lack of close contact between the 
plies due to defects such as voids or spots of excess resin formed during curing of the 
composite. Fortunately, most repair patches are thin section composites and most of the 
above mentioned defects induced during fabrication may not be severe. This coupled with 
proper fabrication encourage the utilization of composite repairs of aircraft structural 
components. Achievement of an optimum quality adhesive interface and the prevention of its 
degradation with time are also formidable tasks. This involves, surface preparation and tight 
quality control [4], means by which their long term performance can be evaluated [5, 6], 
and effective nondestructive methods to assess their long term cumulative damage [7]. 
The present research is focused on evaluating the performance of boron/epoxy doublers 
with different number of plies bonded to precracked aluminum substrates under both monotonic 
tensile and tension-tension fatigue loading. Fatigue crack propagation kinetics of precracked 
aluminum substrates repaired with boron/epoxy doublers are studied and compared to those of 
unrepaired aluminum substrates. Thermal wave imaging was used to assess the quality of the 
bond between the boron/epoxy doubler and aluminum substrates prior to testing and quantity the 
disbond associated with crack propagation under the doublers. 
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EXPERIMENTAL 
Boron/epoxy doublers with a variable number of unidirectional plies were installed on 
aluminum substrates over a side crack with a stop drill hole. Substrates were machined from 
aircraft skin grade aluminum 7076S-T6 of 1.6 mm thickness to the dimensions, 30S mm long x 
SI mm wide. A side crack with a stop drill hole was introduced at the middle of one edge of the 
specimens. The total length of the crack and stop drill hole was 6.4 mm. The diameter of the stop 
drill hole was 3.2 mm. Patched specimens were made by first cleaning the substrates with Scotch 
Brite abrasive, degreasing them using a SO/SO isopropyl alcohol/water mixture and then air 
drying. 3M (AF 163-2K) scrim cloth structural adhesive ofO.2S mm nominal thickness was 
applied to the substrate in the middle section over the crack. Boron/epoxy unidirectional prepreg 
of about 0.13 mm nominal thickness (produced by Textron Specialty Materials, Inc.) was then 
applied over the adhesive in successive layers. The specimens were heat cured in a hydraulic press 
by increasing the temperature to 1210 C at a rate of2.8 0 Chuin, holding them at 121 0 C for 90 
minutes and then returning to room temperature at 2.8 0 C/min. Monotonic tensile tests were 
conducted on three identical cracked specimens with 2, 4 and 6 - ply doublers and without 
doublers to evaluate their residual strength. Three specimens from each category were also 
fatigued to failure. Fatigue tests were performed between 890 - 8900 N at a frequency of 1 Hz 
using a haversine wave. In-situ crack length measurements, from the stop drill hole were made 
using a traveling optical microscope for the fatigue studies. Thermal wave imaging was 
performed using the Wayne State University Imaging System for bond quality inspection after 
fabrication, and for disbond evaluation after fatigue testing. i 
RESULTS AND DISCUSSION 
Effect of Number of Plies on Residual Strength 
Tensile tests were conducted on cracked (side crack with stop drill hole), unpatched 
and uncracked aluminum substrates. Multiple identical cracked specimens were repaired 
with 2-ply, 4-ply and 6-ply boron/epoxy prepreg unidirectional tape, to evaluate their 
residual strength. Residual strength is defined as the ultimate load or stress sustained by the 
cracked specimen. The relationship between the load and displacement for an average of 
three specimens of each group under monotonic tension loading is shown in Fig. 1. The 
average residual strength of the cracked aluminum substrate was found to be about 
18,000 N at a maximum displacement of3.3 mm. The 2-ply specimens failed at a slightly 
higher load of about 20,000 N and a maximum displacement of about 3.2 mm. The residual 
strength of the precracked aluminum substrates patched with 4 -ply and 6-ply boron/epoxy 
prepreg were brought up to the ultimate strength of the uncracked aluminum substrate and 
displayed approximately the same displacement, as seen in Fig 1. One out of three of the 4-
ply specimens failed at the crack tip and was associated with later adhesive failure. The other 
two specimens failed in the aluminum alone, away from the crack and away from the patch. 
It was also observed in all of the 6-ply specimens that the failure occurred in the aluminum 
alone, away from the patched areas. It is clear from Fig. 1 that the 2-ply specimens 
recovered very little residual strength from that of the precracked aluminum substrates. The 
4-ply as well as the 6-ply specimens not only fully recovered the residual strength but also 
fully recovered the toughness of the uncracked aluminum substrate. The toughness of the 
joints has increased by about 6 times from that of the precracked aluminum substrate, based 
on the area under the load-displacement curves as shown in Fig. 1. Thus, the boron/epoxy 
doubler, with 4 or more plies demonstrated its effectiveness in preventing static failure of 
the cracked substrates. Since the 6-ply patch has proven to be capable of diverting cracks 
from the side crack with the stop drill hole, completely away for the patched area, it was 
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Figure l. Static performance of the unpatched and 2, 4 and 6 ply boron\epoxy patched 
aluminum substrates. 
decided not to test more plies such as 8 or 10. On this basis it is probably safe to suggest 
that a boron/epoxy doubler with 6-plies is optimum for the repair of the skin grade 
aluminum of 1.6 mm thickness. 
Effect of Number of Plies on Fatigue Behavior 
Tension/tension fatigue tests were conducted on aluminum substrates with side crack 
and stop drill hole, to establish their fatigue behavior for comparison with the repaired 
specimens. Aluminum substrates having the same geometry were then repaired with 
boron/epoxy doublers with 2, 4 and 6 plies. The present data are the averages of three 
specimens in each unpatched and patched case. The relationship between the crack length, 
initiated from the stop drill hole in the patched aluminum substrates versus the number of 
cycles is shown in Fig. 2. As the number of plies increases a considerable increase in both 
initiation and propagation lifetime is noticed in Fig. 2. Without patches, the cracked 
aluminum substrate failed at around 13,000 cycles. The crack initiated at the precracked tip 
(stop drill hole) at around 10,000 cycles and propagated quickly. For the 2-ply specimen the 
crack initiated in the aluminum substrate at the precracked tip at about 20,000 cycles. On the 
side of the boron/epoxy patches, no crack could be observed. However, a small amount of 
disbond between the boron/epoxy patch was observed. The crack propagated through the 
precracked aluminum substrate at around 30,000 cycles. The 2-ply boron/epoxy patch failed 
right after the crack went through the alull'inum substrate. For the 4-ply specimens, the 
crack initiated at a number of cycles higher than 30,000 and propagated through the 
aluminum substrate in about 100,000 cycles. However on the boron/epoxy side, no crack or 
disbond between the 4-ply boron/epoxy doubler and the aluminum substrate could be 
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Figure 2. Effect of the number of plies on the fatigue lifetime of the unpatched and patched 
aluminum substrates. 
observed using the traveling optical microscope. After the aluminum substrate failed, the 
boron/epoxy patches sustained the fatigue load. Finally, the specimen failed at the grip, or in 
the metal away from the boron/epoxy patches. The behavior of the 6-ply specimens were 
similar to that of the 4-ply specimens. The crack initiated in the precracked aluminum 
substrate at about 75,000 cycles and propagated through the aluminum substrate after about 
140,000 cycles. No damage could be observed by the naked eye on the side of the 
boron/epoxy patches. After the aluminum substrate had failed, the boron/epoxy patches 
acted as a butt joint sustaining the fatigue load and eventually failure occurred at the grip or 
in the metal away from the 6-ply patches. The catastrophic failure of the cracked aluminum 
substrates without patching occurred after the crack reached about 30% of the width of the 
aluminum substrates, however, for all patched specimens the cracks propagated through 
100% of the width of the aluminum substrates. 
The crack speed as a function of the crack length is shown in Fig. 3 for the precracked 
aluminum, 2-ply, 4-ply and 6-ply specimens. The crack speed was calculated as the slope of 
the curves in Fig. 2, at the corresponding number of cycles. It is evident from Fig. 3 that the 
crack speed increased rapidly with the crack length in the case of the precracked unpatched 
aluminum specimen. The crack speed for the 2-ply specimens displayed a considerable 
retardation up to 30 mm crack length. Then the crack speed increased rapidly leading to 
catastrophic failure. This indicates that even with a smaller number of plies the crack 
propagation in the aluminum substrate could be largely retarded. The crack propagated in 
the 4-ply and 6-ply specimens at almost constant speed. The crack speeds were almost the 
same for both the 4-ply and the 6-ply specimens. It should be noted that all the 4-ply and 
6-ply specimens exhibited a "grace" failure in comparison to the catastrophic failure of the 
unpatched and the 2-ply patched substrates. 
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Figure 3. The crack speed as a function of the crack length for the fatigue tested specimens. 
Although the boron/epoxy patches effectively retarded the crack propagation in the 
aluminum substrates and considerably increased the crack initiation and propagation 
lifetimes they did not prevent the crack to cease completely from the stop drill hole. Thus 
their effectiveness to arrest the crack completely was not 100%. To illustrate this further, the 
potential energy was measured from the hysteresis loops recorded at various intervals of 
number of cycles as the area above the unloading curve and plotted in Fig. 4. The change in 
potential energy with the crack length is called the energy release rate or the crack driving 
force as previously reported in [6, 8]. It is clear in Fig. 4 that the precracked aluminum has a 
sharp increase in the potential energy, which indicates a quick increase in the crack driving 
force resulting in the catastrophic failure. The potential energy for the 2-ply specimens 
increased slightly, indicating an apparent retardation of the crack. The potential energy of 
the 4-ply and 6-ply specimens exhibited a slight decrease. As the crack propagated in the 
precracked aluminum substrate, the boron/epoxy patches took over and shared the fatigue 
load with the aluminum substrate. As a result, the potential energy and consequentially the 
crack driving force decreased. It is evident that the 4-ply and the 6-ply composites 
effectively impeded the crack propagation. 
The hysteresis energy is the energy expended on various dissipative processes within 
the specimen in each cycle during the fatigue process. It is measured as the area within the 
respective hysteresis loops at various crack lengths. In viscoelastic materials this energy is 
comprised of energy expended on damage processes associated with crack growth and 
energy expended on history-dependent viscous dissipative processes. Again the precracked 
aluminum substrate, as shown in Fig. 5, demonstrates an increase in the hysteresis energy 
indicating an increase of damage in the aluminum substrate as the crack propagated. The 
slight increase of hysteresis energy in the case of the 2-ply specimens matches with 
observations during the fatigue process. As the crack propagated disbond between the 
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Figure 4. The potential energy as measured from the area above the unloading portion of the 
hysteresis loops. 
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Figure 5. The hysteresis energy for the unpatched and patched aluminum substrates. 
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boron/epoxy doubler and the aluminum and between the plies was observed indicating the 
increase of damage in both the aluminum substrate and the boron/epoxy patches. For the 4-
and 6-ply specimens the hysteresis energy was unchanged or even exhibited a slight decrease 
with the crack length. During the fatigue process, the boron/epoxy patches shared the 
fatigue load with the precracked aluminum substrates. Since boron/epoxy has a smaller 
dissipative energy than the aluminum substrate, the total effect was a slight decrease in the 
hysteresis energy. An unchanged or even slight decreased hysteresis energy is also strong 
evidence that the 4-ply and 6-ply patches effectively retarded the crack propagation and 
acted as a means of crack arrest. 
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Figure 6. Disbond associated with crack propagation under boron/epoxy doubler in a 
representative 4-ply specimen. 
Thermal Wave Imaging 
Thermal wave imaging of the 4 and 6 ply specimens after being fatigue tested was 
performed. This is in order to inspect for delamination in the doubler or disbond at the 
adhesive interfaces that could have been resulted from the fatigue tests. The image displayed 
in Fig. 6 was taken from the boron side of a representative specimen. The 6-ply specimens 
also displayed similar behavior. The initial side crack and stop drill hole are at the bottom 
edge of the specimens in Fig. 6. It is clear that there is a disbond associated with the crack 
propagation under the boron/epoxy doubler. The crack propagation is from bottom to top in 
Fig 6. The tapered disbond at the interface between the composite doubler and the 
aluminum substrate correlates with the predicted crack retardation features of the doubler as 
indicated by the energy release rate in Fig. 4 and the hysteresis energy in Fig 5. 
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CONCLUDING REMARKS 
The effect of the number of plies on the residual strength and fatigue lifetime was 
examined. The results showed that the addition of plies to the aluminum substrates with side 
cracks and stop drill holes reduced the crack propagation rate, and increased the residual 
strength. Repair with 4 or more ply boron\epoxy doublers can bring the residual strength up 
to that of an undamaged aluminum substrate. The fatigue lifetime was also increased in the 4 
and 6-ply samples. This is associated with a decrease in energy release rate and crack speed. 
Thus, high crack propagation rates are associated with high energies and slower crack 
propagation rates have lower energies. The addition of 4 or 6 plies was found to give the 
most suitable results for both static and fatigue loadings. The phenomena of crack 
retardation due to the boron\epoxy doublers was captured by the thermal wave imaging. It 
was found that the disbond under the doublers tapered down in the direction of crack 
propagation in a similar trend as the potential energy and the energy of damage calculated 
from the hysteresis loops at different crack lengths. 
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